The skyrmion is a topologically stable spin texture, in which the spin direction wraps a sphere 1 . The topological nature gives rise to emergent electromagnetic phenomena such as topological Hall effect 2-4 . Recently, the crystallization of nanoscale skyrmions was observed in chiral helimagnets with use of the neutron diffraction and Lorentz transmission electron microscopy 5,6 . The skyrmions are quite mobile under electric current density as low as ∼ 10 6 A/m 2 , and, in some cases, stable up to near room temperature 7,8 . These features suggest that the skyrmions may work as a magnetic stable variable similar to the bubble memory 9 but equipped with topological functionalities. Here, we investigate the low-energy excitations of the skyrmion crystal in a helimagnetic insulator Cu 2 OSeO 3 10 in terms of microwave response. We have observed two distinct excitations of the skyrmion with different polarization characteristics; the counter-clockwise circulating mode at 1 GHz and the breathing mode at 1.5 GHz. These modes may play a crucial role in the low energy dynamics of skyrmions and hence in their manipulation via external stimuli.
since the triangular lattice of skyrmions was observed in chiral helimagnets such as MnSi and (Fe,Co)Si 5, 6 . As shown in Fig. 1c , the magnetic moments composing the skyrmion point downward (opposite to the magnetic field) at the core and upward on the edge, and are aligned circularly in between. It may be viewed as a nanoscale version of bubble memory but has a unique topological nature. Because the direction of magnetic moment varies continuously and wraps all the solid angle in the skyrmion, the skyrmion carries a topological quantum number termed skyrmion number
S = 1/2 moments at the Cu 2+ sites show the local ferrimagentic arrangement of threeup and one-down type below T c ∼ 60 K as observed by power neutron diffraction 15 and NMR 16 measurements. However, the Dzyaloshinskii-Moriya interaction arising from the noncentrosymmetric lattice structure modulates the ferrimagnetic correlation and induces the helical spin structure with the period of about 50 nm at zero magnetic field. While the magnitude of the helical wave vector is determined by the ratio between the asymmetric Dzyaloshinskii-Moriya and symmetric ferrimagentic interactions, the wave vector direction is nearly degenerate, and the multi-domain structure is formed at zero magnetic field 10 .
When the magnetic field is applied, the wave vector tends to be aligned along the field direction, forming the single-domain conical spin structure. In a high enough magnetic field, the induced ferrimagnetic state is realized. Just below the critical temperature, on the other
hand, there appears the nontrivial magnetic state, i.e. skyrmion crystal 10 . The real space image of skyrmion as obtained by Lorentz transmission electron microscopy is reproduced in Fig. 1b , where the in-plane components of magnetic moments in the skyrmion are well resolved.
The skyrmion crystal in a bulk crystal is restricted to a narrow range of magnetic field, therefore the microwave response can hardly be observed in a conventional ESR spectrometer, in which the probe frequency is fixed and the magnetic resonance is probed by scanning magnetic field. Thus, we have constructed a broad-band microwave system with a network analyzer as detailed in the Supplementary Information. While the pioneering work of electron spin resonance for MnSi was previously done with use of several fixed frequencies 17 , our broad band measurement could provide much more information as shown below. At first, we show the microwave response at 40 K to discuss the magnetic excitations in the helimagnetic state (Scan 1 shown in Fig. 1a) or less by the static demagnetization field since we used a plane-like sample in order to fit it to the microwave probe. In the configuration of H DC ||H AC , H DC is parallel to the sample plane and the demagnetization field is small. On the other hand, H DC is perpendicular to the sample plane and the demagnetization field is large in the H DC ⊥ H AC configuration. Next, we show the newly resolved magnetic resonances in the skyrmion. We have investigated the magnetic field dependence of microwave absorption spectra at 57.5 K to probe the magnetic excitations in skyrmion crystal (Scan 2 shown in Fig. 1a) . In Fig. 3a , we plot ∆S 11 for H DC ⊥ H AC at various magnetic fields. In the low-field helical magnetic state, one broad excitation is observed around 1.8 GHz. The splitting is not clearly observed in this temperature and the frequency is lower than that at 40 K. The peak is unchanged or slightly enhanced with H DC up to 100 Oe. Nevertheless, the helical peak becomes quite weak and alternatively another peak emerges around 1 GHz above 140 Oe. Around 340 Oe, the low frequency peak disappears and the helical mode revives. In Figs and skyrmion crystal states. The field range, where the low-frequency peak is observed, coincides with that for the skyrmion crystal phase. The intensity of the helical mode is not completely suppressed even in the skyrmion crystal phase. A similar coexistence of the helical and skyrmion crystal states is hinted by the neutron diffraction measurement for B20
compounds (the coexistence of the diffraction spot of q||H due to the helical state and that of q ⊥ H due to the skyrmion crystal) 5 . In the induced ferrimagnetic state above 600 Oe, the magnetic susceptibility is suppressed and the peak frequency readily increases with H DC . Figure 3e shows the contour mapping of the low-frequency peak intensity in the H −T phase diagram around the skyrmion-crystal phase determined by the magnetic susceptibility measurement. It is clear from this figure that the low-frequency mode at 1.0 GHz is emergent only in the skyrmion crystal phase. Thus, the low-frequency peak is assigned to a magnetic excitation inherent in the skyrmion crystal. In order to observe magnetic excitations in skyrmion crystal, we have set up a broad band microwave measurement system with a vector network analyzer. The experimental setup is depicted in Fig. 5a . The semi rigid cable connected to the network analyzer is inserted into a superconducting magnet. A microstrip line 1 composed of narrow and broad copper plates is attached at the end of semi rigid cable (Fig. 5b) . are induced by the microwave absorption due to the magnetic excitations of sample. On the other hand, the frequency of magnetic excitations becomes higher than the measured frequency range at 5000 Oe. We have used the high field spectrum as the back ground and obtained the microwave absorption spectra ∆S 11 by the subtraction in the unit of dB. As exemplified in Fig. 5d , smooth spectra are obtained using this procedure even without any numerical smoothing. 
